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FRICTION AND WEAR OF TIN AND TIN ALLOYS FROM -100° TO 150° C
by Donald H. Buckley

Lewis Research Center

SUMMARY

An investigation was conducted to determine the effect of the crystal transformation
of tin on the friction and wear behavior of tin and tin alloys. A hemispherical, iron,
single-crystal pin (2-mm radius) with a (110) orientation slid on single and polycrystal-
line tin and tin binary alloys containing 1 atomic percent of bismuth, copper, or alumi-
num. Experiments were conducted over a range of temperatures from -100° to 150° C.
Applied loads varied from 1 to 50 grams, and all experiments were conducted at a con-
stant sliding velocity of 0.7 mm/min. All measurements were made in vacuum
(10'8 N/mz) to control environmental effects.

The results of the investigation indicate that friction coefficient is higher for the
diamond form (gray tin) than it is for the body-centered tetragonal form (white tin).
Bismuth arrested the crystal transformation such that the friction coefficient for the
alloy was constant over the temperature range studied. Both copper and aluminum en-
hanced the kinetics of transformation. With aluminum in tin a nearly twofold change in
friction was observed with crystal transformation.

INTRODUCTION

Tin is used in the field of lubrication to reduce friction and wear in mechanical com-
ponents. It is employed as a thin surface film because of its low shear strength (ref. 1).
It also has been used in alloys for bearings for over 50 years (refs. 2 to 4). For exam-
ple, babbitt-metal bearing linings are frequently tin-base alloys. These materials must
frequently operate over a broad temperature range. Despite the extensive use of tin in
lubrication, very little fundamental research has been conducted relative to the influence
of various physical properties on the friction and wear of tin.

Tin undergoes a crystal transformation at approximately 13° C. This transforma-

“tion, from a cubic-diamond to a tetragonal structure, could influence friction and wear



behavior. The effect of the transformation on the friction and wear behavior of tin has
not been measured.

The objectives of this investigation were (1) to determine the effect of the crystal
transformation on the friction and wear of tin and (2) to examine the influence of alloying
elements on friction in the temperature region of the tin transformation. Single-pass,
sliding friction experiments were conducted with a 2-millimeter-radius rider specimen
of single-crystal iron (110) orientation contacting tin single crystals (110) and polycrys-
talline tin and tin alloys. The binary alloys contained 1-atomic-percent aluminum, cop-
per, or bismuth. Sliding velocity was 0.7 mm/min, with applied loads of 1 to 50 grams.
Temperatures of experimentation ranged from -100° to 150° C in a vacuum of
10'8 N/m2 (10'10 torr) .

CRYSTAL TRANSFORMATION

Tin is polymorphic. It exists as the so-called gray tin at temperatures below 13°cC
and as white tin above this temperature (ref. 5). Gray tin has a diamond type of crystal
structure, with each tin atom tetrahedrally coordinated by four other tin atoms. White
tin has a body-centered tetragonal structure and appears as a distorted diamond struc-
ture. The structure of white tin is shown in figure 1(a). The bonding of a tin atom to
four of its neighbors at the corners of a flattened tetrahedron is shown in figure 1(b).
Gray tin has a more symmetrical structure than white tin, as can be seen in a compari-
son of figures 1(a) and (b) with 1(c) and (d). This difference is thought to be due to an
electron-zone overlap present in white tin which does not exist in the more symmetrical
gray tin (ref. 6).

DEFORMATION

Gray tin atoms can be pictured as stacking sheets composed of continuously linked,
""puckered'' hexagonal rings of tin atoms parallel to the (111) planes of the crystal.
Shear takes place along these planes.

White tin, with its tetragonal structure, slips on (110) planes in the [001] direction
at low temperatures. At higher temperatures, slip takes place on the (110) planes, but
the direction [111] is the preferred slip direction (ref. 7). The critical resolved shear
stress necessary for slip in white tin (110) [001] is less than that for nickel. It is, how-
ever, greater than that necessary to initiate slip in the noble metals copper, silver, and
gold (ref. 8).

With respect to strain hardening (below the recrystallization temperature), tin be-
haves more like the hexagonal metals such as cadmium than like the face-centered cubic
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metals, which strain harden very readily. For both the (100) and (110) orientations of
tin, crystals can be strained as much as 500 percent with only about a factor-of-2 in-
crease in shear stress. Face-centered cubic metals such as copper will experience a
factor-of-500 increase in shear stress with as little as a 50 percent increase in strain
(ref. 7).

APPARATUS

The apparatus used in this investigation was a vacuum system that had built into it
the capabilities for the measurement of adhesion, friction, and load. The mechanism
for the measurement of adhesion, friction, and load is shown schematically in figure 2.

A gimbal-mounted beam projects into the vacuum system. The beam contains two
flats machined normal to each other with strain gages mounted thereon. The end of the
rod contains the iron single-crystal pin. By moving the beam inward toward the disk,
load is applied and measured by the strain gage. With load removal, if adhesion occurs,
the adhesion forces are measured by the deflection of the beam in the direction opposite
to which the load is applied (fig. 2). Tangential motion of the pin along the disk surface
is accomplished through the gimbal assembly. Under an applied load, friction force is
sensed by the strain gage which is normal to that used to measure load.

Multiply wear tracks could be generated on the disk specimen (25-mm diam) surface
by translational motion in the horizontal direction. Pin sliding was in the vertical direc-
tion (fig. 2).

The vacuum apparatus in which the components of figure 2 were contained also had a
low-energy electron diffraction (LEED) system and an Auger spectrometer. The elec-
tron beam of both could be focused on any disk site desired. This was accomplished
with a disk manipulation device. The vacuum system was a conventional vacsorb and
ion-pumped system capable of readily achieving pressures of 10'10 torr as measured by
a nude ionization gage within the specimen chamber. Sublimination pumping was also
used. .

The specimens were sputter cleaned by argon ion bombardment. Argon pressure
of 10'3 torr and an ionization voltage of 1000 volts for a period of 30 minutes were used.

EXPERIMENTAL PROCEDURE

The single-crystal tin disk specimens (99.99 percent pure) were polished on metal-
lurgical papers down to 600 grit. They were then electropolished in a solution of 6 parts
glycerol, 2 parts water, 1 part ethyl alcohol, and 1 part perchloric acid. They were
rinsed with water and ethyl alcohol and dried with high-purity argon. The specimens



were then mounted in the vacuum system against a liquid-nitrogen-cooled, stainless
steel coil.

Experimental temperatures below room temperature were achieved by passing
either cold nitrogen gas or liquid nitrogen through the coil to which the tin crystal was
mounted. Temperature was measured with an iron-constantan thermocouple, and ex-
periments were conducted by starting at -100° C, increasing the temperature to 150° C,
and then completing the experimental cycle by cooling back to -100° C. The tin crystal
was heated above room temperature by placing a standard infrared lamp against the
window of the vacuum chamber. Specimen temperatures of 150° C could readily be
achieved by this technique.

When the tin specimen reached the temperature of the experiment, load was applied.
Loads of 1 to 50 grams were employed. Sliding of the iron crystal across the tin surface
was then initiated, with a sliding velocity of 0.7 mm/min for a total sliding time of
20 minutes. Each data point at a specific temperature was obtained only after an equi-
librium temperature had been achieved.

A polycrystalline tin specimen was prepared by straining a single crystal and then
recrystallizing the specimen. This procedure was used to ensure that the single and
polycrystalline specimens were from the same lot.

Binary alloys of aluminum, copper, or bismuth in tin were prepared by molding the
molten alloy in graphite crucibles. Each alloy contained 1 atomic percent of the solute
element in the tin solvent. After they were cut to size the alloys were handled in the
same manner as the single crystals of tin.

RESULTS AND DISCUSSION

In sliding on a tin single-crystal surface above and below the transformation tem-
perature (13o C), marked differences in the friction coefficient were observed. There
was also a difference in the nature of the friction. In figure 3(a) the friction trace at
24° C, for the tetragonal structure, shows the stick-slip behavior so frequently observed
with metals. Adhesion occurs, the friction force increases until the tangential force is
sufficiently high to fracture the adhered junction, and friction force drops sharply. The
process then starts again (fig. 3(a)). Likewise the friction trace at temperatures above
24° C has the stick -slip behavior shown in figure 3(a).

At -46° C, for the diamond structure of tin (fig. 3(b)), the friction force is higher,
but the trace is extremely smooth relative to that seen in figure 3(a) for the tetragonal
structure, where there is marked stick-slip. The same relatively smooth friction trace
as represented in figure 3(b) occurs at temperatures below -46° C.

The friction coefficient as a function of temperature was measured with sliding in
two crystallographic directions on the tin (110) crystal surface. Experiments were
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started at the higher temperatures because of the possibility that recrystallization would
occur with the cooling of the crystals below the crystal transformation at 139 C. The
results obtained are presented in figure 4.

An examination of figure 4 indicates that when sliding was in the [001], or low-
temperature preferred, slip direction essentially no change in friction coefficient was
detected over the range of temperature from 150° to -100° C. Thus, the transforma-
tion had no effect upon friction coefficient when sliding was in the [001] direction.

When sliding was initiated in the [111], or high-temperature preferred, slip direc-
tion the friction coefficient was markedly less than was observed in the [001] slip direc-
tion at all temperatures. An increase in friction coefficient was observed on reducing
the temperature beyond the crystal transformation at 13°C. Thus, friction was sensi-
tive to the transformation when sliding was in the [111] direction.

A recrystallization of the tin crystals was anticipated with passage through the
crystal transformation at 13° C. With repeated experiments, no evidence of recrystal-~
lization with transformation was observed.

It is of interest to note in figure 4 that the friction coefficient for the body-centered
tetragonal structure of tin was lower than was observed for the diamond structure. The
opposite result was anticipated. Adhesive bonding of tin to iron occurred for both crys-
talline forms. With sliding, however, shear was more effectively accomplished with
the body-centered tetragonal structure. Thus, shear strength and resistance to shear
were less for the tetragonal structure. Further, the (110) plane of tin is the preferred
slip plane with [001] and [111] being the preferred slip directions. Thus, shear resist-
ance is at a minimum for these orientations (ref. 8).

The width of the wear track generated on the tin crystal surface varied with load
and temperature. The variation of wear track width with load at -100° C is presented
in figure 5. As the load was increased, the track widened. For a 50-gram load the
wear track width was more than twice as wide as it was for a 10-gram load.

The variation of track width with changes in temperature is presented in figure 6.
At a fixed load of 10 grams, there was no marked change in track width with temperature
from -100° to 15° C. Above 15° C, which was above the crystal transformation tem-
perature, the track width increased linearly with temperature. Below the transforma-
tion temperature, tin is a semiconductor and relatively brittle. Thus, changes in tem-
perature there are not expected to exert much influence on surface deformation. Above,
the transformation temperature, however, tin is a metal and ductile, deforming with
load in a plastic manner. Thus, track width increases with an increase in temperature.

Sliding on the tin single-crystal surface at 23° C resulted in recrystallization in the
wear track. This is shown in the photomicrograph of figure 7. Grain boundaries were
present in the wear track. Tin recrystallizes at -4°C. The sliding and associated
strain supply the necessary energy for recrystallization. The recrystallization was
confined to the wear track itself and did not extend beyond it.



Friction experiments were conducted with polycrystalline tin and alloys of tin.
Binary tin alloys containing 1-atomic-percent bismuth, copper, or aluminum were ex-
amined. Coefficients of friction were measured over the range of temperatures from
-100° to 150° C. The results obtained in these experiments are presented in figure 8.

An examination of figure 8 indicates that there was a change in the friction coef-
ficient of polycrystalline tin at the transformation temperature. Just as with the single-
crystal results of figure 4 for the (110) [111] orientation, friction increased with trans-
formation from the body-centered tetragonal to the diamond structure. The friction
coefficient of polycrystalline tin was, at all temperatures, higher than those observed
for the single-crystal orientations of figure 4. This observation is consistent with fric-
tion results for hexagonal metals in their single and polycrystalline forms (ref. 9).

Bismuth added to tin completely eliminated the crystal transformation in tin, as
shown by the friction data of figure 8. No change in friction coefficient was observed
as the alloy passed through the crystal transformation region.

Aluminum and copper both increased the kinetics of the otherwise sluggish trans-
formation from the body-centered tetragonal form to the diamond form of tin (ref. 9).
With both copper and aluminum a marked change in friction coefficient was observed as
these alloys passed through the crystal transformation. The presence of aluminum in
tin produced a nearly twofold decrease in the friction coefficient with the transformation
from the diamond form of tin to the body-centered tetragonal form. Thus, the data of
figure 8 indicate that the effects of the crystal transformation in tin on friction coeffi-
cient can be controlled by proper alloying.

A wear track on the copper-tin alloy is shown in figure 9. There is a ''cellular"
structure to the alloy. The wear track is intermittent in moving across this structure.

CONCLUSIONS

Based upon the experimental results obtained in this investigation of an iron single
crystal sliding on single and polycrystalline tin and tin alloys at various temperatures
from -100° to 150° C, the following conclusions were drawn:

1. The crystal transformation from the body-centered tetragonal structure (white
tin) to the diamond structure (gray tin) resulted in an increase in friction for both single-
crystal (110) [111] and polycrystalline tin. The friction behavior also changed from a
stick-slip character for white tin to smooth for gray tin.

2. Alloying the metals bismuth, copper, or aluminum with tin altered friction be-
havior in the region of the crystal transformation. Bismuth arrested the crystal trans-
formation, which resulted in a constant friction coefficient at temperatures from -1 00°
to 150° C. Both copper and aluminum enhanced the kinetics of transformation and ac-
counted for a marked increase in friction with transformation. The greatest effect was
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seen with aluminum. Alloying generally decreased the friction coefficient of tin at all
temperatures.

3. Wear track width was relatively constant with increases in temperature to the
crystal transformation temperature. Above the crystal transformation temperature
(white tin) the wear increased with increases in temperature in a linear manner.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, March 21, 1975,
506-16.
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(b) Bonding in white tin,

(c) Gray tin. (d) Bonding in gray tin.

Figure 1. - Structure and bonding in the two crystalline forms of tin.
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Figure 3. - Friction traces for iron (110} siiding on a tin (110} single~
crystal surface at 24° and -46° C. Sliding velocity, 0.7 mm/min;
load, 10 g; pressure, 108 Nfm?2 (10710 torr),
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Figure 5. - Track width on tin single-crystal surface as function of
load, Sliding velocity, 0.7 mm/min; pressure, 10-8 N/m2
(10710 torr); temperature, ~100° C; rider, iron (110); single pass.
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Figure 6. - Track width on tin single-crystal surface as function
of temperature. Sliding velocity, 0.7 mm/min; lcad, 10g;
pressure, 10°8 N/m2(10-10 torr); rider, iron (110); single pass.
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Figure 7. - Wear track on tin (1101 single-crystal surface made by sliding
an iron t110) crystal across that surface. Sliding velocity, 0.7 mm min;
load. 10 g; pressure, 10-8 N m2410-10 torry; temperature, 237 C.
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Figure 8. - Coefficient of friction for polycrystailine tin and tin
alloys at various temperatures. Sliding velocity, 0.7 mm/min;
Joad, 10g; pressure, 1.3310-8 N/m2 (1010 torr).

Figure 9. - Wear track on copper-tin alloy surface made by sliding an iron
(110) erystal across that surface. Sliding velocity, 0.7 mm/min; load,
10 g; pressure, 10-8 N/m2 (10-10 torr); temperature, 23°C.
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